INTRODUCTION
Higher plants contain potentially vast sources of nutrients for the myriad bacterial species in their environment, and most bacteria are small enough to pass through stomates and other natural openingsinto the apoplast-the anteroom for these riches. However, surprisingly few bacteria raid the nutrient stores of living plant cells, apparently because the metabolic intimacy involved in parasitism requires the work of specialists. Of these specialists, some in the Rhizobiaceae produce hypertrophies that are genetically engineered or developmentally tricked into providing an undefended, nutritive niche in root cortical tissues and rhizospheres (see Long, 1996; Sheng and Citovsky, 1996 , in this issue), whereas others, mostly Gramnegative bacteria in the Pseudomonadaceae and Enterobacteriaceae, specialize in colonizing the apoplast.
It is the apoplastic colonizers that are the common pathogens that produce the rots, spots, wilts, cankers, and blights afflicting virtually all crop plants, and their relationship with the host is defined by two features. They spend their parasitic life up against the wall of plant cells, in the intercellular spaces of various plant organs or in the xylem, and they are necrogenic-able to cause the death of plant cells. Their ability to multiply and then sooner or later to kill plant cells depends on secreted enzymes that degrade the wall or on molecules that pass through it. This review addresses our progress in understanding this molecular traffic and how it may enable necrogenic bacterial pathogens to colonize the apoplast.
The present picture of pathogenesis has been strongly determined by three developments. The first was the discovery that bacteria elicited the defense-associated hypersensitive response (HR) in plants during incompatible interactions. The HR was first observed as a rapid localized collapse of tobacco leaf tissue after infiltration of high numbers of bacterial pathogens that are host specific for other plant species (Klement, 1963; Klement et ai., 1964) . Because the ability to elicit the HR is a unique attribute of the necrogenic pathogens and these bacteria can avoid or suppress its elicitation in their hosts, the HR phenomenon appears central to bacterial pathogenicity and host specificity and has attracted much attention (Klement, 1982; Goodman and Novacky, 1994 ; see also Dangl et al., 1996; Hammond-Kosack and Jones, 1996 , in this issue). The second development was the application of the molecular tools To whom correspondence should be addressed. of transposon mutagenesis, broad-host-range cosmid vectors, and marker-exchange mutagenesis to identify and manipulate bacterial genes that have a readily scored phenotype when mutated, conjugated into a related strain, or expressed in Escherichia coli. These approaches have yielded a large inventory of hrp (hypersensitive [esponse and pathogenicity) and avr (eirulence) genes that directly relate to the HR puzzle as we!l as numerous other genes associated with pectic enzyme, toxin, and extracellular polysaccharide (EPS) production. Rather than detail this inventory (which may be fundamentally incomplete; see below), we use representative components to develop a model for bacterial plant pathogenesis that is based on the very recent third development-the discovery that the hrp genes encode a protein secretion system, shared in plant and animal pathogens, that has the potential to transfer virulence proteins into eukaryotic host cells.
The necrogenic bacteria have diverse pathogenic personalities with a bewildering array of symptoms and host specificities. The growing evidence that the hrp genes are ubiquitous in these pathogens, controlling early (and generally essential) interactions with plants, provides a unifying entry point for exploring bacterial phytopathogenicity. Hence, after introducing the representative pathogens, we explore the dynamic operation of the Hrp system and then turn briefly to factors such as toxins, EPS, and pectic enzymes that affect the full development of plant disease.
MODEL PATHOGENS AND INTERACTIONS
Key characteristics of severa1 model Gram-negative phytopathogens are shown in Table 1 . These bacteria are ali capable of causing necrosis, but their necrogenic aggressiveness varies. Brute-force, necrotrophic pathogens rapidly kill parenchymatous tissues during active pathogenesis, whereas stealthy, biotrophic pathogens characteristically multiply in host tissues for some period before causing any necrosis (Collmer and Bauer, 1994) . The HR is elicited by the biotrophic pathogens during incompatible interactions with nonhosts, but Erwinia chrysanthemi mutants with a reduced pectolytic capacity can also elicit a typical HR that is independent of host range (Bauer et al., 1994) . Strains in Xanfhomonas campestris and Pseudomonas syringae are assigned to pathovars Kang et al. (1994) and those in Salmond (1994) .
C E. chrysanthemi has been the model for the Hrp system; E. carotovora for autoinduction. HR-denotes loss of HR elicitation activity in these bacteria; Hrp-denotes loss of HR and parasitismlpathogenicity; Wts-denotes lack of watersoaked lesions. e Synonyms are Pseudomonas solanacearum and Burkholderia solanacearum (Yabuuchi et al., 1992 (Yabuuchi et al., , 1995 . based on host specificity and associated phenotypic characteristics and sometimes to races within pathovars based on interactions with differential cultivars of the host. For example, X. campestris pv campestris causes black rot of crucifers, and /? syringae pv glycinea causes bacterial blight of soybean, but both elicit the HR in tobacco. Table 1 also highlights the importance of two protein secretion pathways in the virulence of these bacteria and indicates other specific factors that are discussed below.
Much research has focused on the differing interactions between plants and biotrophic pathogens (compatible and incompatible) and nonpathogens. These interactions are summarized in Figure 1 . The HR is the most dramatic of these responses, and several additional observations are important in considering its nature. First, the macroscopically observable HR requires high levels of bacteria (>5 x 106 cells/mL) because it results from single bacteria eliciting death in single plant cells in a one-to-one manner, and a threshold leve1 of individual cell deaths is required for tissue death (Turner and Novacky, 1974) . Second, HR elicitation appears to require contact between plant and bacterial cells that are both metabolically active and synthesizing new proteins (Holliday et al., 1981; Klement, 1982) . Although tissue collapse and death may not occur until 12 to 36 hr postinoculation, antibiotic treatment experiments suggest that bacteria may deliver the HR elicitation signal within a few minutes of contact (Huynh et al., 1989 ).
Third, the HR appears to represent programmed cell death (He et al., 1993; Dietrich et al., 1994; Greenberg et al., 1994) , but the signal transduction events and mechanisms underlying this process are still unknown (see Dangl et al., 1996, in this issue) .
Although several plant responses are consistently associated with incompatible interactions and the HR (Figure l) , their actua1 roles are not clear. For example, the data are either lacking or conflicting regarding (1) the causal relationship between active oxygen generation and HR elicitation (Levine et al., 1994; Glazener et al., 1996; see also Hammond-Kosack and Jones, 1996 , in this issue), (2) the relationship between the HR and the XR (K+ efflux/H+ influx exchange Lesponse; Atkinson, 1993; He et al., 1994) , and (3) the role in defense of antimicrobial phytoalexins (Long et al., 1985; Pierce and Essenberg, 1987; Glazebrook and Ausubel, 1994) and pathogenesis-related proteins (see Ryals et al., 1996, in this issue) . However, the XR may be particularly important in compatible (disease-causing) interactions because alkalinization of the apoplast has been shown to foster both sucrose leakage from plant cells and bacteria1 multiplication (Atkinson and Baker, 1987a, 1987b) . As suggested by the different response patterns outlined in Figure 1 , the fate of plant-bacterium interactions may be determined very early after inoculation. When considering possible determinative factors, it is useful to keep in mind that compatible pathogens, which appear to be able to suppress rapid, "weak defense responses, can promote the growth of nonpathogens, whereos coinoculation of compatible and incompatible pathogens results in incompatibility unless the compatible pathogen has been given a substantial head start (Young, 1974; Klement, 1982; Jakobeket al., 1993) . Of course, a critical decision in the interaction is whether or not the HR is triggered, and much of the remainder of this article concerns the bacterial factors involved in HR elicitation.
A Bacterial Growth THE HRP SYSTEM UNDERLYING BASlC PATHOGENICITY hrp Genes
The ability of the necrogenic phytopathogens to elicit the HR resides in hrp genes, which were first found in F! syringae pv syringae and /? syringae pv phaseolicola by identifying Tn5 transposon mutants that grew normally in minimal media but failed to elicit the HR in nonhost tobacco or cause disease or multiply in host bean (Niepold et al., 1985; Lindgren et al., 1986) . Thus, hrp mutants behave essentially like nonpathogens in plants. hrp genes are clustered and are likely to occur within "pathogenicity islands" containing supporting virulence genes (e.g., Lorang and Keen, 1995) . The hrp clusters of F! s. syringae 61 and E. amy/ovora Ea321, carried on recombinant cosmids pHIR11 and pCPP430, respectively, enable nonpathogenic bacteria such as F! fluorescens and E. coli to elicit the HR (but not disease) in tobacco and many other plants (Huang et al., 1988; Beer et al., 1991 (A) Generalized bacterial population dynamics graphically relate the potential to elicit necrosis and the ability to multiply in plants, and they show that multiplication ceases upon actual development of the necrosis associated with either the HR or disease lesions (Klement, 1982 (reviewed in Atkinson, 1993) . DR denotes the expression of a variety of defense-response genes, particularly those directing the synthesis of phenylpropanoid pathway enzymes and their phytoalexin products, which occurs rapidly (within 6 hr) except in compatible interactions, where it can be delayed for severa1 days (Jakobek and Lindgren, 1993; Meier and Slusarenko, 1993) . 1992), thereby establishing the existence of the conserved "type 111" secretion system in Gram-negative bacteria Van Gijsegem et al., 1993) . The near completion of the h p cluster sequences in these three phytopathogens and in E, amylovora Ea321 has revealed that the homologies with type 111 protein secretion system components in animal pathogenic Yersinia, Shigella, and Salmonella spp are extensive (Huang et al., 1993; Lidell and Hutcheson, 1994; Fenselau and Bonas, 1995; H.C. Huang et al., 1995; Preston et al., 1995; Van Gijsegem et al., 1995; Bogdanove et al., 1996b) . This has led to nomenclatura1 changes and refinement of the hrp gene concept (Bogdanove et al., 1996a) . The nine hrp genes that are broadly conserved in plant and animal pathogens have been redesignated as hrc (hypersensitive response and conserved) and given the last letter assignment of their Yersinia ysc (vop gecretion) homologs. The hrp genes, and particularly the hrc subset, are now considered to be fundamentally involved in type 111 protein secretion in phytopathogenic bacteria.
The type 111 secretion system appears to have been acquired by horizontal transfer in a variety of pathogenic bacteria (Groisman and Ochman, 1993; Barinaga, 1996) . Within the phytopathogens, comparisons of hrp gene sequences (Bogdanove et al., 1996b) , hrp gene arrangements (Fenselau and Bonas, 1995; Van Gijsegem et al., 1995; Bogdanove et al., 1996b) , and hrp regulatory elements (discussed below) reveal two groups. Group I contains f! syringae and E. amylovora; group II contains R. solanacearum and X. c. vesicaforia. The discrepancy between the hrp gene similarity groups and taxonomic relationships is consistent with horizontal acquisition of the system by phytopathogens.
The Hrp (Type 111) Protein Secretion System and Its Regulation
The type 111 secretion pathway is one of at least three distinct pathways that Gram-negative bacteria use to secrete proteins across their inner and outer membranes . It is unique among these secretion pathways in its ability to deliver virulence proteins directly into host cells (Rosqvist et al., 1994; Sory and Cornelis, 1994) . In Yersinia, Shigella, and Salmonella spp, it appears that the pathway can direct proteins into either the extracellular milieu or host cells. Proteins that are secreted into the milieu may regulate the secretion pathway or form extracellular components of the secretion apparatus (and may also have a direct role in virulence). Proteins that are transferred into host cells appear to be important virulence factors (reviewed in Galan, 1996) . In plant pathogens, harpin proteins are known to be secreted into the milieu by the Hrp pathway, and there is evidence that Avr proteins are transferred into plant cells.
Eight of the nine Hrc proteins are homologous to proteins involved in the biogenesis of bacterial flagella and the secretion of flagellar-specific proteins. This is likely important because the flagellar system supports highly regulated protein secretion events involving ordered translocation of different proteins, release of measured protein "doses," and formation of extracellular appendages, all of which may serve the proper delivery of virulence proteins into host cells (Macnab, 1996) .
Unfortunately for researchers, proteins targeted to the host via the type III pathway may elude identification for two reasons. First, secretion via this flagellar-derived system is independent of the general export (Sec) system; hence, these proteins lack N-terminal signal peptides (or any other shared feature yet identified from their sequences) that would reveal them as targeted for secretion. Second, the secretion of many of these proteins does not appear to occur in culture because it is dependent on contact with host cells (Rosqvist et al., 1994; Galan, 1996) .
Regulation of hrp gene expression offers further clues to Hrp function in these bacteria. With the possible exception of the necrotroph E. chrysanfhemi (Collmer et al., 1994) , hrp genes are not expressed in rich media (Bonas, 1994) . Rather, they are most strongly expressed in various minimal media that mimic plant apoplastic fluids, particularly media deficient in organic nitrogen (Huynh et al., 1989; Arlat et al., 1992; Rahme et al., 1992; Schulte and Bonas, 1992; Wei et al., 1992b; Xiao et al., 1992) . No plant inducers of the hrp genes have been identified, and hrp-dependent elicitation of the HR in nonhosts argues against host-specific hrp gene induction.
The genetics of hrp regulation are surprisingly different in bacteria harboring the group I and II Hrp systems. In group I, hrp expression is dependent on HrpL, a member of the ECF (extra cytoplasmic function) family of sigma factors Wei and Beer, 1995) . hrpL expression, although normally dependent on HrpR and HrpS, can be manipulated experimentally to permit useful hyperexpression of the hrp regulon (Grimm and Panopoulos, 1989; Grimm et al., 1995) . In the group II system, R. solanacearum hrp expression is dependent on HrpB, a member of the AraC family of positive activators, and the homologous HrpX appears to have the same function in Xanfhomonas spp (Genin et al., 1992; Oku et al., 1995; Wengelnkik and Bonas, 1996) . All of these regulatory proteins have been found through the Hrp-phenotype of respective mutants, and additional regulatory genes with more subtle phenotypes likely await discovery.
PROTEINS DELIVERED BY THE HRP SYSTEM Harpins
Harpins are glycine-rich, cysteine-lacking proteins that are secreted in culture when the Hrp system is expressed and that possess heat-stable HR elicitor activity when infiltrated at relatively high concentrations (> 0.1 pM) into the leaves of tobacco and severa1 other plants. This broad definition can encompass the products of the E. amylovora hrpNEa (Wei et al., 1992a ), E. chrysanthemi hrpNEch (Bauer et al., 1995) , P syringae hrpZ (He et al., 1993) , and R. solanacearumpopA (Arlat et al., 1994) genes, the first bacterial proteins shown to have HR elicitor activity. Despite these unifying properties, the harpin proteins of Envinia and Pseudomonas do not appear to be homologous, mutations in their respective genes have very different pathogenic effects, harpins have yet to be found in Xanthomonas spp, and the primary function of the known harpins is unclear. They could, for example, serve parasitism directly by eliciting alkalinization of the apoplast and nutrient release. Alternatively, they could act indirectly by assisting the delivery of other bacteria1 proteins to plant cells. The ability of the purified harpins of E. amylovora and P syringae to elicit both alkalinization of suspensioncultured plant cells and apparent programmed cell death in leaf tissues supports a direct action (Wei et al., 1992a; He et al., 1993 He et al., , 1994 ), but mutant phenotypes described below challenge this concept.
Harpin activity does not appear to be enzymatically based because elicitor activity survives heat treatment and the deletion of major portions of the protein (Wei et al., 1992a; He et al., 1993; Arlat et al., 1994; Alfano et al., 1996) . There is also no evidence that the harpins of E. amylmra, E. chrysanthemi, and P syringae directly control host range (Wei et al., 1992a; Bauer et al., 1995) . For example, the HrpZ proteins from P syringae pvs syringae, glycinea, and tomato are all active on tobacco (nonhost) and tomato (host for P s. tomato) but not soybean (host for P s. glycinea; Preston et al., 1995) . In contrast, PopA3 isolated from R. solanacearum has elicitor activity in nonhost tobacco and resistant petunia genotypes but not in host tomato or susceptible petunia genotypes (Arlat et al., 1994) . Postulating a general model for the role of harpins in elicitation of the HR is further complicated by the range of phenotypes exhibited by harpin mutants. For example, harpin gene mutations have strong HR-reduced phenotypes in E. amylovora Ea321 (Wei et al., 1992a ) and E. chrysanthemi (Bauer et al., 1995) but weak or no phenotype in E. amylovora CFBP1430 (Barny, 1995) , P syringae (Alfano et al., 1996) , and R. solanacearum (Arlat et al., 1994) . The HR phenotypes of hrp-related mutations in pHIR11, which carries the functional P s. syringae 61 hrp cluster, further confound the harpin elicitor concept. E. coli cells carrying pHlRll with AhrpZ mutations elicit only a weak and spotty HR (Alfano et al., 1996) , but similar mutants hyperexpressing the hrp genes because of constitutive expression of hrpL in trans elicit a strong HR (Pirhonen et al., 1996) . More puuling, P fluomscens carrying pHlRl1 with hrmA mutations secretes wild-type levels of HrpZ without eliciting any necrosis (Alfano et al., 1996) . Thus, purified HrpZ is sufficient to elicit an apparent programmed cell death that is indistinguishable from the HR elicited by bacteria (He et al., 1993) , but HrpZ is insufficient for the bacteria themselves to elicit the HR (Alfano et al., 1996) .
Interestingly, the hrmA gene is not required for P s. syringae 61 itself to elicit the HR in tobacco; it is present in only a few strains of P syringae, and furthermore, it is located at the edge of the hrp cluster in the same position as an avr gene in P s. phaseolicola 1302A (Huang et al., 1991; Heu and Hutcheson, 1993; Mansfield et al., 1994) . This suggests that at least in P syringae, Avr proteins (which HrmA appears to be) may be more important than harpins in eliciting the HR.
Avr Proteins
avr genes control host specificity in P syringae and X. campestris at the race-cultivar level by triggering the HR when the host carries a corresponding resistance (R) gene, in accordance with Flor's gene-for-gene (avr-for-R) hypothesis (Flor, 1956; Keen, 1990 ; see also Crute and Pink, 1996; Dangl et al., 1996; Hammond-Kosack and Jones, 1996 , in this issue). Thus, in fundamental contrast to the hrp genes, avr genes are characteristically scattered in their distribution among strains of phytopathogenic bacteria (Dangl, 1994; Leach and White, 1996) .
avr genes are typically identified by screening a broad-hostrange cosmid library of donor race DNA in a recipient race that is normally virulent (compatible) on tester plant cultivars that are incompatible with the donor. Conversion of the pathogen reaction from virulence to avirulence on the tester cultivars defines the presence and identity of the cloned avr gene in the bacterium (Staskawicz et al., 1984; Keen, 1990) . avr gene screens involving donor and recipient strains in different pathovars reveal that P syringae and X. campestris strains also carry avr genes with the potential to interact with R genes in nonhosts and thus the potential to control host range at the pathovar-host species level in addition to the more narrow race-cultivar level (Whalen et al., 1988; Kobayshi et al., 1989) .
Over 30 avr genes have been cloned so far from P syringae and X. campestris pathovars by this process, and it is likely that there are many more. Because avr genes and their products are treated comprehensively in recent reviews (Dangl, 1994; Leach and White, 1996) , our discussion here is limited to an essential overview and current insights leading to a new model for their action.
Unlike harpins, the Avr proteins (and HrmA) reveal no defining physical characteristics. Furthermore, they have no effect when infiltrated into plants, no known biochemical activity (except P s. tomato AvrD), and their sequences do not suggest any function (except X. c. vesicatoria AvrBs2). AvrD directs the synthesis of syringolide elicitors of a genotype-specific HR (Keen et al., 1990; Midland et al., 1993) . The deduced sequence of the AvrBs2 protein reveals similarity with both Agmbacferium fumefaciens agrocinopine synthase (which directs transformed plant cells to produce a carbon source that A. tumefaciens utilizes; see Sheng and Citovsky, 1996 , in this issue) and E. coli glycerophosphoryl diester phosphodiesterase, enzymes catalyzing the synthesis or hydrolysis of phosphodiester linkages (Swords et al., 1996) .
Whatever the actions of Avr proteins, they are Hrp dependent. One factor contributing to the hrp dependency of avr genes in P syringae is their inclusion in the hrp regulon (Huynh et al., 1989; lnnes et al., 1993; Shen and Keen, 1993; . However, even when expressed from vector promoters, avr genes fail to elicit a genotype-specific HR in hrp mutants (Dangl, 1994) . An underlying Avr function in Hrp-mediated pathogenesis is suggested by this regulation and by the demonstrable requirement for full virulence in compatible hosts of several avrgenes (Dangl, 1994; Lorang et al., 1994; Ritter and Dangl, 1995; Yang et al., 1996) .
Avr Protein Action within Plant Cells
One of the most puzzling aspects of Avr proteins has been their site of action. They have never been observed to be secreted from the bacterial cytoplasm, even in infected plants (Brown et al., 1993; Young et al., 1994) , but there are many arguments (discussed below) against their action in that location. Recent data suggest that at least some Avr proteins act inside plant cells after delivery by the Hrp secretion system. First, the functional cluster of I ? s. syringae 61 hrp genes carried on pHlRll is sufficient to enable nonpathogens such as E. coli and P fluorescens to elicit a genotype-specific HR that is dependent on several I ? s. glycinea and F! s, tomato avr genes (Gopalan et al., 1996; Pirhonen et al., 1996) . Moreover, the delivery of these Avr signals is absolutely dependent on Hrp secretion functions and variably dependent on HrpZ. Second, the requirements for the Hrp secretion system and HrpZ in elicitation of a genotype-specific HR cannot be alleviated by avrB hyperexpression or exogenous HrpZ or Avr6, but they can be alleviated by expression of avrB within plant cells (Gopalan et al., 1996) .
The action of AvrB in plant cells was demonstrated with Arabidopsis ecotype Columbia plants carrying the RPMl R gene, which interacts with avrB to trigger genotype-specific incompatibility (Bisgrove et al., 1994 ). An Arabidopsis rpm7 mutant was transformed with constructs expressing avrB and crossed with the wild type. F1 seedlings carrying both avrB and RPMl exhibited extensive necrosis on cotyledon leaves 10 days postgermination (Gopalan et al., 1996) . Interestingly, the only symptomless transformants obtained in the rpm7 mutant were those in which AvrB was produced at a low leve1 and with a signal peptide sequence such that the protein would be present in the plant cytoplasm only transiently, suggesting that plants may be exquisitely sensitive to Avr proteins. To express avr6 without a signal peptide in Arabidopsis, a biolistic cobombardment assay similar to that devised by Mindrinos et al. (1994) was used. Wild-type and rpm7 fnutant leaves biolistically cobombarded with plasmids expressing a P-glucuronidase (GUS) reporter and avrB failed to produce GUS activity only when RPMl and avrB were present in the leaf. Thus, both stable and transient expression of avrB in Arabidopsis resulted in RPM7-dependent necrosis.
Many characteristics of the HR elicitation process can be explained by Hrp-mediated delivery of Avr proteins into plant cells, including: (1) the one-to-one relationship between bacterial cells and HR-responding plant cells (not expected with a diffusible bacterial factor that could affect many plant cells); (2) the determination of genotype-specific avirulence by single bacterial genes in "gene-forgene" interactions (not expected if multistep biosynthetic pathways producing low molecular weight elicitors were involved); (3) the observation that the P syringae pv maculicola avrRpt2 and avrRpm7 gene products interfere with each other extracellularly, as indicated by the development of a genotype-characteristic HR after mixed bacterial inoculations (Reuber and Ausubel, 1996; Ritter and Dangl, 1996) ; (4) the presence of putative plant nuclear localization signals in members of the Avr6s3 family in Xanthomonas spp (Yang and Gabriel, 1995) ; and (5) the predicted cytoplasmic localization of the products of the R genes PTO, RPSP, and RPM7, which interact with P syringae avr genes (Bent et al., 1994; Mindrinos et al., 1994; Grant et al., 1995; Staskawicz et al., 1995; see also Bent, 1996 , in this issue).
There are several potential reasons why it has not been possible to detect the transfer of Avr proteins from bacteria to plant cells. These include the following: the likely host contactdependent operation of the type 111 secretion system (predicted from observations with the animal pathogens); the fact that the volume of a plant cell is four orders of magnitude greater than that of a bacterial cell; and the possibility that transfer of Avr proteins may be transient, involve a small fraction of the bacterial pool, and be followed by rapid degradation in the host. Similarly, evidence for the transfer of VirD2 and VirE2 from A. tumefaciens to plant cells is indirect at this point, although transfer of the T-DNA complex demonstrates that the plant cell wall is not an impenetrable barrier to specialized bacterial protein transfer systems (Zupan and Zambryski, 1995;  see also Sheng and Citovsky, 1996 , in this issue).
A Model for Plant-Bacterium lnteractions and Coevolution Based on Hrp Delivery of Avr Proteins into Plant Cells
Figure 2 presents a proposed model for the interaction of a necrogenic bacterial pathogen with a plant cell, in which the delivery of Avr proteins is the central parasitic event. According to this model, there may be many Hrp-delivered proteins with a primary function in parasitism, only a subset of which will have Avr phenotypes in some plants. A priori, we can expect these proteins to have two general functions: to defeat host defenses and to locally modify the apoplast for bacterial colonization through nutrient release, watersoaking, and pH increase (Collmer and Bauer, 1994) . We may further assume that many of these proteins would most efficiently exploit the proposed direct access to the host metabolic machinery by manipulating signal transduction and gene regulation events (e.g., AvrBs3 with its putative nuclear localization signals). Others may divert host metabolic energy to the production and release of nutrients for bacterial consumption in the apoplast The Hrp secretion system of P. syringae is shown. The system is proposed to deliver some proteins (e.g., HrpZ) to the apoplast upon expression of the hrp regulon and others (e.g., Avr proteins) into plant cells upon receipt of a host contact signal. The latter transfer would require a type III pathway (purple structure) traversing both bacterial membranes and the plant cell wall (CW) and plasma membrane (PM). HrpZ in the apoplast may directly promote parasitism by eliciting the XR (K + efflux/H + influx). The Avr proteins may collectively promote parasitism (green panels) or individually trigger the HR (pink panels), as depicted. Many Avr proteins and host targets may be involved in these interactions (denoted by the triple dots). The model shows Avr proteins with long red arms denoting strong avirulence phenotypes and shorter green arms denoting weaker virulence phenotypes. However, it is possible that the same domains (or enzymatic products) are involved in both phenotypes and that some virulence proteins are not recognized by the R gene surveillance system.
(e.g., AvrBs2 with its possible agrocinopine synthase activity).
The model suggests that pathogenesis may involve a distinct phase in which bacteria are attached to host cells. If so, this phase may be bracketed by entry and systemic spread phases in which diffusible virulence factors are more important. The Hrp-delivered Avr protein model suggests that coevolutionary processes have led to the present genetics of pathogenicity in the necrogenic plant pathogens. The first coevolutionary parry may have been the Hrp delivery of a protein targeting the host metabolism for parasitic benefit. The host would be expected to counter with genetic changes that would reduce the responsiveness of the target to the parasite protein and deploy a new R gene such that the parasite protein triggers the HR. Both of these changes in the host would lead to the subsequent deployment by the pathogen of a new parasitic protein. Ultimately, reiteration of this process would lead to the evolution of bacteria that harbor a single, absolutely required Hrp system and a plethora of Hrp-delivered proteins that are collectively but not individually required for virulence but that individually can confer avirulence.
This scenario invites three fundamental questions. First, how does the apoplast have to be modified to support bacterial growth, and what metabolic processes in the interior of plant cells are targeted to this end? Second, do the virulence functions of Avr proteins target essentially universal plant constituents or does their specificity contribute to host specificity at the pathovar-species level? Third, how is Hrp-mediated pathogenicity integrated with the major virulence systems that produce the factors making these bacterial parasites so destructive to plants?
VIRULENCE FACTORS Toxins and Extracellular Polysaccharides
The toxins produced by the necrogenic Gram-negative pathogens (primarily the F! syringae pathovars) differ in several ways from the Hrp-associated proteins discussed above. The toxins are secondary metabolites (mostly small peptides). They show no host specificity, typically do not contribute to bacterial multiplication in plants, and are highly diffusible, often producing characteristic symptoms spreading well beyond developed lesions (reviewed in Gross, 1991). The F! syringae toxins differ according to which pathovars produce them, their molecular targets, and their contribution to virulence (Table 2) . Whereas some of the host-specific toxins of funga1 pathogens are absolutely required for pathogenesis (see Walton, 1996 , in this issue), bacterial toxins are generally considered to be virulence factors. They may contribute to the production of certain symptoms but in a manner that is not essential for pathogenesis.
The actual roles of individual toxins in pathogenesis are still unclear. Toxins are produced by some nonpathogenic strains of P syringae (e.g., see Adetuyi et al., 1995) , and many toxins also have antimicrobial activity and thus may function primarily to reduce microbial competition during epiphytic or pathogenic colonization (Gross, 1991) . Furthermore, strains of F! syringae pv tabaci and F! syringae pv coronafaciens spontaneously delete tabtoxin biosynthetic genes in the field without losing pathogenicity (Willis et al., 1991) . However, coronatine production contributes to the multiplication of P s. tomato in plants, and dip-inoculation assays, which mimic field conditions, suggest that the toxin contributes to an early stage in pathogenesis by suppressing defense gene expression (Mittal and Davis, 1995) .
Recent progress has focused on understanding the biosynthesis, regulation, and modes of action of toxins. For example, we now have evidence that syringomycin and coronatine are synthesized in part by nonribosomal thiotemplate mechanisms (Ullrich and Bender, 1994; Zhang et al., 1995) , that hostassociated phenolic glycosides and sugars (syringomycin) or low temperature (phaseolotoxin and coronatine) are important environmental factors sensed by bacterial regulators of toxin production (Mo and Gross, 1991; Rowley et al., 1993; Ullrich et al., 1995) , and that syringomycin and coronatine may disrupt signaling within plant cells: syringomycin by opening calcium channels (Takemoto, 1992; Hutchison et al., 1995) and coronatine by mimicking, at least partially, methyl jasmonate, which regulates wound-inducible defense responses (Feys et ai., 1994; Weiler et al., 1994; Palmer and Bender, 1995) .
EPSs, unlike toxins, are produced by most bacteria, including many plant pathogens, and are secreted as a loose slime oras capsular material. EPSs are thought to protect free-living bacteria from a variety of environmental stresses and may aid pathogenesis by sustaining water-soaking of intercellular spaces, altering the accessibility of antimicrobial compounds or defense-activating signals, and blocking the xylem and thereby producing wilt symptoms (reviewed in Denny, 1995) . EPS production, particularly its role in pathogenesis as determined through transposon mutagenesis, has been explored most extensively in R. solanacearum (Denny and Baek, 1991; Kao et al., 1992) , E. amy/ovora (Steinberger and Beer, 1988; Bernhard et al., 1993), and E. stewartii(Cop1in and Majerczak, 1990) . EPS is generally a virulence factor in these bacteria, contributing to wilt and water-soaking symptoms without be-~ ~ Gross (1991) , except for those for tagetitoxin action; see Mathews and Durbin (1990 Leigh and Walker, 1994) . Thus, various toxins and EPSs may contribute to pathogenesis in different ways with respect to mechanism and importance. Better characterization of the regulation and genetics of biosynthesis of toxins and EPS is providing the foundation for a rigorous analysis of their role in multifactorial pathogenesis.
Pectic Enzymes
The bacterial soft rots caused by the necrotrophic pathogens E. carofovora, E. chrysanfhemi, and I? viridiflava differ substantially from the diseases caused by the biotrophic pathogens that have been considered up to this point (Table 1) . These bacteria have a wide host range, particularly among plants with fleshy parenchymatous tissues, disease incidence is more dependent on environmental conditions that compromise the host, and pathogenesis is dominated by pectic enzymes that cleave a-1,4-galacturonsyl linkages in plant cell wall polymers by hydrolysis (polygalacturonases) or p-elimination (pectate or pectin lyases; reviewed in Perombelon and Kelman, 1980; Barras et al., 1994) . Because of the structural importance and unique accessibility of pectic polymers in the primary cell walls and middle lamellae of dicots and some monocots, pectic enzymes are the big guns of the brute-force approach to pathogenesis, and they cause both cell killing and tissue maceration, the primary symptoms of soft rot disease (Collmer and Keen, 1986) . I? viridiflava secretes a single pectate lyase (Pel), which is required for its opportunistic pathogenicity in market vegetables (Liao et al., 1988) . Conversely, the more widespread and versatile pathogens E. carotovora and E. chrysanfhemisecrete complexes of pectic enzymes dominated by multiple Pel isozymes (Barras et al., 1994) . All of these enzymes (except the SOS-inducible pectin lyases) are secreted via the type II pathway, and bacterial secretion mutants are unable to cause soft rots (Barras et al., 1994) . However, E. chrysanthemi mutants lacking all five of the "major," pectate-inducible Pel isozymes retain partia1 maceration virulence and can be seen to produce a second set of Pel isozymes (Beaulieu et al., 1993; Kelemu and Collmer, 1993; Alfano et al., 1995; Lojkowska et al., 1995) . Interestingly, individualpelmutations reveal that the respective Pel isozymes vary in importance in different hosts and may collectively contribute to the wide host range of E.
chvsanfhemi (Beau1ieu et al., 1993) . The E. chrysanfhemi Pel isozymes also differ in their relative contribution to maceration and systemic invasion of plants (Barras et al., 1987; Boccara et al., 1988) and in their regulation by pectate-derived inducers, temperature, nitrogen starvation, oxygen levels, iron concentration, and growth phase, as controlled by at least three regulatory proteins-KdgR, PecS, and PecT (reviewed in Hugouvieux- Cotte-Pattat et al., 1996) . Thus, a particularly firm molecular genetic foundation is being built for ultimately understanding how the proliferation and regulation of pectic enzymes have supported the evolution of pathogenicity based on disassembly of the plant cell wall.
Bacterial Cell-Cell Signaling and Global Regulation of Virulence
The development of substantial pathogen populations is often an important factor in the diseases caused by necrogenic Gram-negative bacteria(krombe1on and Kelman, 1980; Hirano and Upper, 1990) , and there is now evidence that at least two of these bacteria, E. carotovora (Jones et al., 1993; Pirhonen et al., 1993 ) and E. stewarfii (Beck von Bodman and Farrand, 1995) , use cell-cell signaling for "quorum sensing" regulation of virulence gene expression (Fuqua et al., 1993) . Quorum sensing was first described in the marine symbiont Vibrio fisheri, in which an N-acyl homoserine lactone "autoinducer" regulates the expression of lux (bioluminescence) genes in a cell density-dependent manner: a threshold leve1 of the autoinducer, which is a diffusible product of Luxl, signals a quorum population and the induction of LuxR-regulated genes (Fuqua et al., 1996) . This phenomenon was considered unique to bioluminescence regulation until the discovery of autoinducers and LuxllR homologs in plant pathogens and subsequently in a variety of other bacteria (Salmond et al., 1995) .
Although quorum sensing seems too polite a term for the "mob" attack of E. carofovora, it explains a puzzling aspect of the action of pectic enzymes in pathogenesis. That is, individual pectic enzymes, their products (especially dodecauronates), or pectolytic culture fluids from E. carofovora can elicit plant defenses that protect plants from bacteria (Hahn et al., 1988; Yang et al., 1992; Palva et al., 1993) . The discovery that E. carofovora mutants lacking the luxl homolog fail to produce high levels of pectic enzymes or cause soft-rot disease unless exogenously supplied with an autoinducer suggests that the pathogen withholds pectolytic attack until it has a "mob" large enough to overwhelm the host defenses that it triggers (Jones et al., 1993; Pirhonen et al., 1993) . Such a parasitic strategy may fundamentally distinguish necrotrophs like E. carotovora from biotrophs like I? syringae (Collmer and Bauer, 1994) . Quorum sensing may also play an important role in bacteria1 survival in the rhizosphere. For example, the biological control agent I? aureofaciens 30-84 uses an autoinducer and LuxllR homologs to regulate production of phenazine antibiotics required for effective suppression of funga1 pathogens and full bacterial fitness in the soil (Mazzola et al., 1992; Pierson et al., 1994) . It has been postulated that plant nutrients released by pathogen attack allow an increase in the I? aureofaciens population and autoinduction such that the antibiotics are produced precisely when demanded by the presence of a food source and a competitor (Pierson and Pierson, 1996) . Moreover, because many autoinducers isolated from different bacteria have identical structures, it is possible that interbacterial quorum sensing or cross-talk is a normal part of life in the rhizosphere (Pierson et al., 1994; Fuqua et al., 1996; see also Handelsman and Stabb, 1996 , in this issue).
The LuxllR homologs in E. carotovora, like the AraC homologs and ECF sigma factors discussed above, are representative of several global regulatory factors that have been recruited to control the expression of multiple virulence genes. Similarly, in F? syringae, the two-component family regulatory proteins LemA and GacA control production of syringomycin, extracellular protease, and lesion development Willis, 1992, 1993; Rich et al., 1994) ; in R.
solanacearum, a hierarchy of several regulatory proteins and a volatile factor, which may function analogously to an autoinducer, regulates virulence and the production of EPS and several extracellular proteins (Clough et al., 1994 ; J. ; in X. c. campestris, a similar subset of virulence factors is coordinately regulated by several independent regulatory genes (Dow and Daniels, 1994) ; and in €. carotovora, rsmA mutants reveal the autoinduction system itself to be part of a larger regulon (Cui et al., 1995) . The challenge now isto understand the cues that enable these regulatory networks to orchestrate the intrinsically dynamic and multifactorial process of bacterial pathogenesis.
EXPLORING BACTERIAL PATHOGENESIS IN PLANTS FROM A NEW PERSPECTIVE
We are still seeking answers to the most fundamental questions regarding the mechanisms by which necrogenic bacterial pathogens colonize the apoplast and produce plant diseases or how these diseases might be effectively controlled. However, new perspectives on these problems reveal where and how to look for their answers in the future. First, we now see that plant and animal pathogens have some features that may be generally common to bacterial parasites of higher eukaryotes. These include virulence-associated mechanisms for obtaining iron (Expert et al., 1996) , conserved systems for deploying virulence proteins (Van Gijsegem et al., 1993) , and convergent pathogenic strategies (Collmer and Bauer, 1994) .
Recent reports that F? aeruginosa strain UCBPP-PA14 requires common virulence factors for its opportunistic attack on both mouse and Arabidopsis and that the X. c. vesicatoria AvrRxv and Y pseudotuberculosis YopJ proteins show sequence similarity further support the promise of a more global approach to pathogenesis research (Rahme et al., 1995; Leach and White, 1996) .
We also now see that the molecules deployed by pathogens to interact directly with the host typically contribute only quantitatively to virulence. Thus, previous virulence mutant screens have given us an incomplete inventory dominated by mutants with pleiotropic regulatory and secretion phenotypes. Promising approaches for finding genes with subtle virulence phenotypes include more sensitive assays for reduced fitness in plants, analysis of DNA sequences in pathogenicity islands, better assays for protein traffic through pathways associated with virulence, and the identification of genes expressed during pathogenesis (e.g., Osbourn et al., 1987) . Obtaining the complete inventory of proteins traveling the Hrp pathway is particularly important: because Hrp secretion mutants typically lose all parasitic ability, these proteins collectively must make the key modifications to plant metabolism that are required for bacterial growth in the apoplast. Understanding what these proteins do should reveal why the apoplast is so inhospitable to the vast majority of bacteria.
Finally, we now see that bacterium-plant interactions are highly coevolved and dynamic processes at the molecular, cellular, and colony-tissue level. For example, Avr proteins, which appear to promote the most insidious form of parasitism, also trigger the most potent defense responses; because of the likely contact-dependent operation of the Hrp secretion system, intimate cell-cell interactions are almost certainly critical in pathogenesis; and the interplay of attack-promoting signaling between bacteria and defense-promoting signaling between host cells may be crucial in the development of many diseases.
For us to better understand these interactions, future research must expand beyond molecular genetics to include more biochemistry and cell biology. A full understanding may require cell biological approaches capable of monitoring ensembles of virulence and defense systems in interacting populations of pathogen and host cells. For plant biologists studying these parasites that tive up against the wall of plant cells, perhaps the ultimate questions are how has their intimate reach shaped the evolution of modern plants and what new tools for exploring plant biology might they yield? 
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